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NATIONAL ADVISORY COMMITTEE FOE AERONAUTICS 
RESEARCH MEMORANDUM 

AN ANALYSIS OF AXIAL- AND CENTRIFUGAL-FLOW TURBOJET-ENGINE 

i 

PERFORMANCE WITH VARIABLE-AREA EXHAUST NOZZLE 
By Zelmar Bar son 


SUMMARY 

A current turbojet engine of the axial- flow type and one of the 
centrifugal- flow type were operated at simulated' altitude conditions 
for the purpose ot obtaining component performance. Plots of these 
performance data were then used as the basis for a cycle analysis of the 
effect on engine performance of a variable-area exhaust nozzle. Cal- 
culations were made for both of the basic engines, as well as for simi- 
lar hypothetical engines having, in turn, higher component efficiencies, 
higher compressor-pressure ratios, and higher allowable turbine- inlet 
temperatures. 

In every case, the most economical method found for operating the 
axial- flow engine at a given thrust level was to maintain an engine 
speed near the rated value arid to adjust the area of a variable- area 
nozzle } however, it was found for the centrifugal engine that no 
Improvement in fuel economy was obtained by the use of a variable-area 
nozzle. The amount of fuel saved by modulating thrust with a variable- 
area nozzle over operation with, a fixed- area nozzle at reduced engine ■ 
speeds on the axial- flow engine was 3 or 4 percent, in general, and ran 
as high as 8 percent for a hypothetical engine having greatly improved 
component performance. 


INTRODUCTION 

The extreme range of altitudes end flight speeds to which modem 
turbojet engines are subjected presents the problem of obtaining effi- 
cient engine performance over a wide range of engine-inlet conditions. 
With, a fixed-area exhaust nozzle, optimum performance Is. not obtained 
at all flight speeds and altitudes because of changes in the perform- 
ance of various engine components, notably the compressor, with differ- 
ent ambient conditions. A. variable-area exhaust nozzle allows the 
engine speed and thrust to be varied independently of each other within 
the temperature limits of the engine, and therefore the most economical 
method of operation may be selected at any desired thrust. This is true 
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■whether engine conditions change because" of changing altitude and 
flight speed or because of other reasons, such as intermittent extrac- 
tion of auxiliary power from the engine. In addition to possible 
improvements in fuel economy, a variable-area exhaust nozzle provides 
a very rapid means of changing engine thrust. This is a highly desira- 
ble characteristic for certain military purposes, such as fighter 
maneuvers and carrier wave-off. 

Most previous investigations of turbojet-engine performance with 
variable-area exhaust nozzles have been confined to one particular 
engine, and the purpose has been either to evaluate the performance of 
the nozzle itself or to compare the performance of a particular engine 
with fixed- and variable-area nozzles. The purpose of this report is 
to compare the effect on engine performance of the variable-area 
exhaust nozzle for axial- and centrifugal- flow turbojet engines. The 
coup arisen utilizes component performance obtained front a current 
engine of each type, as well as performance computed on the basis of 
possible future design practice. The experimental data were obtained 
in an altitude test chamber at the HACA Lewis laboratory. The range of 
conditions simulated include a flight Mach number of 0.62 at altitudes 
of 30,000 and 50,000 feet and a flight Mach number of 0.9l at an alti- 
tude of 30,000 feet. The comparisons of present and possible future 
performance were made at a flight Mach number of 0.62 at an altitude of 
30,000 feet. 


APPARATUS AND PROCEDURE 

The two turbojet engines used in this investigation had almilnr 
static- thrust ratings of approximately 5000 pounds and were selected as 
representative of the two basic types of turbojet engine in current use. 
Engine A “had ah 11- stage axial- flow compressor, and engine B had a 
double- entry centrifugal compressor. Both had multiple- can- type cam- ' 
bustion chambers and single-stage reaction turbines. 

Engine A was operated in the altitude chamber at s imula ted alti- 
tudes of 30,000 and 50,000 feet at two ram-pressure ratios, 1.30 
and 1.70 (corresponding to simulated flight Mach numbers of 0.62 
and 0.91, respectively). Both the inlet pressure and temperature were 
simulated for each condition, assuming 100 percent ram-pressure recov- 
ery. A clamshell- type variable- area exhaust nozzle was used, and the 
exhaust-nozzle area was "Varied at each of several different engine 
speeds from its fully open position to either the size necessary to 
raise the turbine- inlet temperature to the allowable limit. or to the 
minimum possible nozzle area, whichever occurred "first. Engine B was 
operated at the same two ram-pressure ratios as engine A, but only at 
an altitude of 30, 000 feet. Because a variable- area nozzle was not 
available at the time of the test, engine B was operated with several 
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fixed- area exhaust nozzles ranging in size from approximately 92 per- 
cent of the area of the nozzle supplied by the manufacturer to a 
straight parallel nozzle having the same area as the engine tail pipe 
(approximately 138 percent of the area of the manufacturer 1 s nozzle). 
With each of the fixed-area nozzles, the engine -was operated over its 
full range of engine speed at each flight condition. For the purpose 
of this analysis, only the engine speed range from 80 percent of rated 
engine speed to 100 percent of fated speed will be considered, because 
this includes the entire practical operating range of the engine in. 
flight. . 

Both of the engines were supplied with sufficient instrumentation 
at the entrance and exit of each engine component to determine the 
performance of each component. Engine air flow and fuel consumption 
were also measured in order to determine combustion efficiency. 


ANALYSIS 

The experimental data obtained from the simulated-altitude opera- 
tion of the two engines were used to construct compressor performance 
maps for each engine at the altitudes investigated. With these maps 
as a basis, together with the ffexper imentally determined values of 
combustion- chamber pressure loss, combustion efficiency, and turbine 
efficiency, calculations were made of engine thrust, specific fuel con- 
sumption, and turbine- inlet temperature for a range of exhaust-nozzle 
areas at each of four engine speeds. The speeds selected were 100, 95, 
90, and 80 percent of rated speed. The method of calculation and the 
equations used are given in appendix B . * 

In order to investigate the possibility of changes in the effec- 
tiveness of a variable-area exhaust nozzle on engines having improved 
component performance, the computations were repeated for a series of 
hypothetical engines having, in turn, improved compressor and turbine 
efficiency, higher compressor pressure ratio, and higher allowable 
turbine- inlet temperature. In each case, only one of these three vari- 
ables was assumed to change, with the others remaining equal to their 
value for the current engine. The method by which this was accomplished 
Is described In appendix C. A final calculation was then made by com- 
bining the highest values , of all three of these parameters as an indi- 
cation of what might he expected in the future. The following table 
summarizes the conditions which were calculated. The figures presented 
are ratios of the value of the parameter assumed for the particular 
calciolation to the value obtained with the current engine. 
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Calcu- | 

lation 

number 

Altitude 

(ft) 

Ram- 

pressure 

ratio 

Compressor- 
and turbine - 
efficiency 
ratio 

Compressor- 

pressure- 

ratio 

factor 

Allowable 
i turbine- inlet 
temperature 
ratio 

I 

30,000 

1.30 

1.00 

1.00 

1.00 

II 

30,000 

1.70 

1.00 

1.00 

1.00 

in 

a 50,000 

1.30 

1.00 

1.00 

1.00 

IV 

30,000 

1.30 

1.05 

1.00 

1.00 

V 

30,000 

1.30 

1.10 

1.00 

1.00 

VI 

30,000 1 

1.30 

1. 00 

1.50 

1.00 

VII 

30,000 

1.30 

1.00 

2.00 

1.00 

VIII 

30,000 

1.30 

1.00 

1.00 

1.10 

IX 

30,000 

1.30 

1.00 • 

1.00 ! 

1.20 

X 

30,000 

1.30 

1.10 

. 2.00 

1.20 


SThis condition vbb calculated for engine A only, because no 
data were. available for engine B. 

Compressor Performance 

The performance maps for the axial-flow compressor of engine A 
are shown in figure 1. Engine operating lines for several constant 
exhaust-nozzle areas are plotted to Indicate the difference between 
constant^ and variable.- atea operation. ■ In order to facilitate compari- 
son between the two engines, all values except compressor pressure 
ratio and efficiency are Bhown as the ratio, of the actual value to the 
value of the variable at the rated corrected engine speed and with the 
exhaust-nozzle area supplied by the manufacturer . A typical feature of 
the axial- flow compressor is that it operates in the region where large 
changes in compressor pressure ratio make very little difference in the 
mass flow through the compressor at a given engine speed. 

The compressor map for the centrifugal- flow compressor of engine B 
is shown in figure 2. This type of compressor normally operates on the 
flat portion of the characteristic engine speed curve, where very small 
changes in pressure ratio cause large changes in the mass flow through 
the compressor. 

The immediate effect of a small reduction in exhaust-nozzle area 
is tp increase the turbine- discharge pressure, because the same mass 
flow must now pass through a smaller exhaust opening. Because the 
turbine-inlet nozzles are choked in . idle range of engine speeds being 
considered in this analysis, this increase in turbine -discharge pressure 
results in a reduction in the pressure ratio available for expansion 
through the turbine. However, the compressor still requires the same 
amount of power, and therefore the turbine- inlet temperature must be 
increased to keep the engine running at the same speed. At the higher 
tenperature level, the requited enthalpy drop across the turbine can be 
obtained with a lower expansion pressure ratio, and therefore the 
turbine-discharge temperature is also increased. The reduction in 
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exhaust-nozzle - area has thus increased the tail-pipe pressure as well 
as the turbine- inlet and turbine-discharge temperatures., and the engine 
now requires a greater fuel flow to maintain its original speed. 

From continuity considerations, the increase in turbine- inlet tem- 
perature causes a reduction in the mass flow of gas through the turbine. 
When this reduction in mass flow is felt by the compressor, it will 
seek a new operating point on its characteristic curve $ and since the 
engine speed is assumed to remain constant, the compressor must follow 
that line on the map. Use axial- flow compressor thus moves to a con- 
siderably higher pressure ratio. In this way, the engine will find a 
new matching point on 1116 compressor map, and the point will occur at a 
higher pressure ratio than the original condition. The centrifugal 
compressor, however, absorbs the reduction in mass flow with no 

appreciable change in pressure ratio. Inasmuch as the cycle efficiency 
of a turbojet engine changes as the pressure level of the cycle is 
varied, the performance of the axial- flow engine should be affected to 
a greater extent by varying exhaust-nozzle area than will the perform- 
ance of the centrifugal-flow engine. ' 


Performance of Other Engine Components 

The combustor and the turbine performance of the two engines used 
in this investigation were very similar. The combustor pressure lose 
was approximately 5 percent of the combustor- inlet total pressure, and 
the combustion efficiency varied from about 80 to 98 percent for both 
engines, depending on the engine speed and the simulated flight condi- 
tion. Turbine efficiency was almost identical for the two engines and 
remained nearly constant at about 79 percent throughout the range of 
engine speeds and ram ratios, investigated at the 30,000-foot altitude. 
However, the turbine efficiencies of the axial-flow engine varied somewhat 
with corrected engine speed at a simulated flight Mach number of 0.62 at , 
50,000 feet as follows: 


Corrected engine speed, percent of rated rpm 

Turbine efficiency, percent 

109 

77.8 

104 

78.4 . 

96 

77.8 

86 

75.4 


The coefficients used in calculating the exhaust-nozzle areas were deter- 
mined from continuity measurements through the nozzles. 


EESULTS AND DISCUSSION 

To show the effect of. exhaust-nozzle area on the variation of 
specific fuel consumption with net thrust, data are presented “in fig- 
ures 3(a) and 3(b) for the two engines at a simulated flight Mach num- 
ber of 0.62 at an altitude of 30,000 feet. The curves represent per- 
formance with a constant effective exhaust-nozzle area, and the symbols 
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represent points of constant engine speed as noted. In each of the 
remaining figures, the standard exhaust-nozzle area is defined as that 
effective nozzle area which yields the limiting turbine- inlet tempera- 
ture at rated engine speed for the particular engine and flight condi- 
tion. The particular areas noted on the figures are effective areas 
c^A to permit application of the results to any nozzle of known per- 
formance. It can be seen on the figures that the line of limiting 
turbine- inlet temperature passes through the rated- engine- speed point 
on the standard- nozzle-area curve. Nozzles smaller than standard are 
therefore temperature-limited, while nozzles larger than standard are 
speed- limited, by definition of the standard nozzle. The plot for the 
axial- flow engine (fig. 3(a)) shows that the envelope of minimum spe- 
cific fuel consumption for any desired thrust can be obtained by using 
a nozzle which can be varied from the standard area to approximately 
104 percent of standard area. 

At thrusts above 70 percent of the normal thrust (with standard 
nozzle at rated engine speed), the standard. nozzle gives within 1 per- 
cent the same specific fuel consumption as the most economical nozzle, 
but at thrusts below 70 percent, the larger nozzles do conserve fuel at 
a given thrust. At 60 percent of normal thrust, the saving is about 
4 percent, and at lower thrusts, the savings become much greater. This 
represents an appreciable increase in range for a plane such as a multi- 
engined bomber which can cruise oh a small percentage of full power. 

The same type of plot for centrifugal-flow engine B is shown in 
figure 3(b). For this type of engine, one particular exhaust-nozzle 
area, if chosen correctly for the flight condition, will maintain very 
nearly the minimum specific fuel consumption over the entire range of 
engine operation from normal thrust to less than 40 percent of normal 
thrust. For a flight Mach number of 0.62 at an altitude of 30,000 feet,' 
the standard nozzle appears "best except for a very small region between 
normal thrust and about 92 percent of normal thrust, where a slightly 
larger nozzle shows a smal l advantage. The reason for the occurrence 
of best fuel economy at nozzle areas about standard, or slightly larger 
lies in the shape of the compressor performance map. For the 
centrifugal- flow engine, a decrease in nozzle area from about standard 
size. .results in a decreased mass flow without any. appreciable Increase 
in compressor pressure ratio. Because thrust is a direct function of 
mass flow and Jet velocity, and Jet velocity at a given total pres sure 
is proportional to the square root of the tail-pipe temperature, it is 
much more economical to obtain a given thrust by keeping the mass flow 
high at reduced temperature than by raising the temperature at reduced 
mass flow. This process is, of course, limited to nozzle sizes on the 
flat portion of the constant- speed line before pressure ratio drops off. 
The. centrifugal engine does not have the advantage of the axial-flow 
engine that a decreased nozzle area raises the. compressor pressure 
ratio and therefore the cycle efficiency. 
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At a simulated flight Mach number of 0.91 at an altitude of 
30,000 feet, neither engine shows any appreciable advantage for the 
variable-area exhaust nozzle (figs. 3(c) and 3(d)). Any fixed-area 
nozzle from standard to about 104 percent of standard area will main- 
tain the mini-mum specific fuel consumption for either engine throughout 
the range of engine speeds investigated. The difference between the 
results of figures 3(a) and 3(c) is probably due to the higher pressure 
level of the engine when operating at the higher flight Mach number. 

The sma.l 1 change in pressure ratio caused by a change in exhaust-nozzle 
area therefore represents a smaller percentage change in the cycle effi- 
ciency of the engine and so is less apparent in terms of specific fuel 
consumption. It should also be noted that at higher flight speeds, 
with resulting higher engine-inlet temperature, the engine is operating 
at lower corrected engine speed) in that region the change in compres- 
sor efficiency with a given change in nozzle size is less than at 
higher engine speeds. 

The effectiveness of a variable-area nozzle at high altitude is 
presented in figure 3(e) for the axial-flow engine. At a simulated 
flight Mach number of 0.62 and an altitude of 50,000 feet, a variable- 
area nozzle becomes more effective than at lower altitudes. In order 
to follow the envelope curve of minimum specific fuel consumption here, 
it is necessary to vary the nozzle area from standard' to at least 
108 percent of standard area. At 50 percent of normal, thrust, the 
108-percent nozzle represents a saving of 5 percent of the engine fuel 
over operation with the standard nozzle. The portions ’of the curves 
extending to. the right of the limiting- turbine-inlet-temperature 'line 
were extrapolated during the computational process and should be correct 
if the turbine- inlet temperature were allowed to go higher. In that case, 
nozzle areas smaller than standard would also be needed' to maintain best 
fuel economy, as the constant-nozzle-area lines turn sharply upward after 
reaching their minimum value. 

The greater advantage of the variable-area nozzle at high altitude 
results from the fact that the constant-area-nozzle specific-fuel- 
consumption curves rise more rapidly from the minimum with either an 
increase or decrease in net thrust. This greater sensitivity of the 
specific fuel consumption . to net thrust or engine speed is a result of 
more rapid changes in compressor, turbine, and conbustion efficiencies 
at the higher altitude with changes in engine speed’. Because the neces- 
sary change in engine speed to effect a given change in thrust has a \ 
more detrimental effect on component efficiencies than the required 
change in" nozzle area, it is somewhat more economical to decrease thrust 
by opening the exhaust nozzle than by decreasing engine speed. 
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Effect on Engines Having Improved Component Performance 

The foregoing figures indicate that with present-day engine per- 
formance there is not very much to he gained in economy by using a 
variable-area exhaust nozzle except at very lew thrust levels or at 
high altitudes. However , the design of engines is constantly being 
changed for improved performance, and it is therefore necessary to 
investigate the effect of a variable-area exhaust nozzle on engines 
incorporating probable future design practices. 

As has been previously mentioned in the section ANALYSIS, calcu- 
lations were made of the performance of hypothetical engines having 
similar compressor maps to engines A and B, but each differing in one 
respect. Compressor and turbine efficiency, compressor pressure ratio, 
and a ll owable turbine- inle t temperature were each increased in turn, 
and all other factors were held constant; a final calculation was then 
made in which the highest value of all three parameters was used. The 
method in which these parameters were varied 1 b explained in appendix C. 
A simulated flight Mach number of 0.62 at an altitude of 30,000 feet 
was used for all of the remaining calculations and figures. 

Effect with higher component efficiencies . - The effect of a 
variable-area exhaust nozzle on the performance . of engines having 
higher compressor and turbine efficiencies is shown in figure 4. The 
calculations for figure 4 were made from the compressor maps of fig- 
ures l(a) and 2, except that each efficiency value was multiplied hy 
1.05 for figures 4(a) and 4(b) and by 1.10 for figures 4(c) and 4(d). 

The top value of 1.10 was chosen as a reasonable limit to what might be 
expected in compressor performance in the near future. A comparison of 
the results for the two engine types is similar to that for the standard 
engine at this flight condition. The axi airflow engine ehowB savings 
in fuel ranging up to 4 percent at thrusts between normal and 50 percent 
of normal. The centrifugal- flow engine again shows practically no 
advantage for the variable-area nozzle at any one flight condition. 

Fuel savings of perhaps 1 or 1-^j percent are possible. A fixed nozzle 

of 104 percent standard area would be optimum for the conditions of 
figure 4(b) and any nozzle from 108 to 116 percent of standard area - 
would be equally good for an engine, with still higher component effi- 
ciencies. It must be remembered, however, that any nozzle larger than 
standard will not allow the engine to operate at rated thrust. The 
very slight improvement in effect of the variable-area nozzle for both 
engines is explained hy the fact that a given change in exhaust-nozzle 
area now results in a 5' or 10 percent greater change in compressor 
efficiency. The lower losses caused by the improved turbine efficiency 
also have a favorable effect on variable-area- nozzle performance. 
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Effect 'with Increased compressor pressure ratio. - The data for 
figure 5 were calculated from the compressor maps of figures l(a)‘ and 2 
with the canpressor-phessure-ratio values multiplied by 1.5 and 2.0 , 
respectively. It can "be seen that for the axial- flow engine the sav- 
ings in fuel which can he achieved are smaller than in the previous 
cases and that at the highest pressure ratio (fig. 5(c)) the savings 
are almost zero over operation with the standard nozzle area. This is 
attributable to the fact that at the higher pressure level of opera- 
tion, the cycle efficiency of the engine is already so high that small 
changes in pressure level cause very small changes in performance. It 
should be noted, however, that in this analysis exact similarity of the 
compressor maps is assumed for the basic engine and for the high- 
pressure-ratio engines. This is not necessarily the casej because the 
effect of the variable-area nozzle on engine performance has been shown 
to depend. on the detailed shape of the characteristic compressor curves, 
the performance of the high-pressure-ratio engines may be quite differ- 
ent from that which is presented here. Por the centrifugal- flow engine 
(figs. 5(b) and 5(d)) there is again no advantage for the variable-area 
nozzle, as fixed-area nozzles of 96 and 92 percent of standard area, 
respectively, follow very nearly the envelope of mi nrirmnn specific fuel 
consumption. 

Effect with higher allowable' turbine- Inlet temperature . - The 
allowable turbine- inlet gas temperature imposes a definite limit on 
turbojet- engine operation because of loss of strength of the materials 
in the high-temperature region, especially in the turbine blading. 
Current research,' however, is directed toward operation with higher gas 
temperatures, and it will therefore be useful to know what may be 
expected from a variable-area exhaust nozzle under these conditions. 

The performance calculations were therefore repeatedj the compressor 
maps- of figures l(a) and 2 were used as before, and the turbine-nozzle 
area was adjusted to give turbine- inlet gas temperatures of 1.1 and 1.2 
times the present limit of about 2000° R in figures 6(a) and 6(b), and 
6(c) and 6(d), respectively. 

For the axial-flow engine (figs. 6(a) and 6(c)), it can again be 
seen that fuel savings up to about 3 percent can be obtained at thrusts 
between 50 and 80 percent of normal by use of a variable-area exhaust 
nozzle. For the centrifugal-flow engine, there is again no advantage 
over operation with a fixed-area nozzle (figs. 6(b) and 6(d)). The 
increased savings in fuel over operation with the standard-axial- engine 
configuration are again due to the fact that at the higher temperature 
level of operation the changes in perfo rmanc e caused by variations in 
exhaust-nozzle area are more pronounced. 

Effect with combined component improvement s . - In order to inves- 
tigate the effect of a variable-area exhaust nozzle on engines having 
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all of the foregoing Improvement b , a final set; of calculations was mnd« 
in which the highest values of ».i 1 three parameters were used. That is, 
the values of compressor and turbine efficiency vere each multiplied 
by 1.10, the compressor pressure ratios vere multiplied by 2.0, and an 
allowable turbine-inlet temperature of 2400° R (1.2 times normal) was 
used. The data resulting from, these calculations are .presented in fig- 
ure 7. It can be seen that the snw.1 1 (2 to 4 percent) improvements in 
fuel economy caused by each of the variables separately are approxi- 
mately additive, and at 60 percent of normal thrust a variable-area 
nozzle used on an axial- flow engine with these character i sties will 
result in fuel savings as high as about 8 percent over operation with 
the standard nozzle (fig. 7(a)). For the centrifugal- flow engine, as 
might be expected, a single fixed- area nozzle of rather large size 
(about 120 percent of standard area) will again follow the minimum- 
specific-fuel- consumption curve at any given thrust (fig. 7(b)). How- 
ever, the ma-sri-mum thrust obtainable with this large nozzle area without 
exceeding allowable turbine-inlet temperatures is only about 85 percent 
of normal thrust, and, therefore, it would be necessary to use at leaBt 
a two-position nozzle if it were desired to operate over the f ull range 
of engine thrust. 


CONCLUDING REMARKS 

The results of an analytical investigation of engine performance 
with a variable-area, exhaust nozzle for typical current axial- and 
centrifugal- flow turbojet engines indicated that there is little to be 
gained in fuel economy by use of a variable-area exhaust nozzle on cur- 
rent engines. . It is indicated that the axial-flow engine can be oper-^ 
ated more economically with a variable-area dazzle than with any single 
fixed-area nozzle drily at thrusts below about 70 percent of normal 
thrust as savings at the higher thrust values are very small. The 
centrifugal- flow-engine calculations indicated that no savings in fuel 
are possible over operation with a fixed-area nozzle of the proper size 
for any given flight condition. 

It is indicated, however, that for future axial -flow engines of 
Improved component performance, there are definite gains to be achieved 
in fuel economy by the use of a variable-area exhaust nozzle over oper- 
ation with any single fixed-area nozzle. The savings in fuel obtained 
by the use of a variable-area exhaust nozzle increased somewhat for 
engines having higher compressor and turbine efficiency or higher allow- 
able turbine- inl et temperature . Although the advantage decreased 
slightly for engines having higher compressor pressure ratios at 
present-day component efficiencies, it is indicated that for more effi- 
cient engines operating at higher temperature levels, h i g h er pressure 
ratios add to the fuel savings. The small (3 or 4 percent) savings in 
fuel accomplished by the variable-area exhaust nozzle on engines having 
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any one of the previously discussed design improvements were approxi-- , 
mately additive, so that for an engine having a comb ina tion of these, 
improvements, greater savings can he expected. On a hypothetical 
engine having twice the pressure .ratio of the axial- flow engine used 
in this investigation, as well as compressor and turbine efficiencies 
10 percent higher and an allowable turbine- inlet temperature of 2400° R 
instead of the current 2000°, fuel savings up to 8 percent are possible 
at about 50 percent of normal thrust if the thrust is reduced by opening 
the variable-area nozzle at high engine speed instead of by reducing 
the engine speed with the standard nozzle. At higher thrust values, 
the savings are proportionately less. 

In addition, the variable-area nozzle has the advantage of making 
possible very rapid changes in engine thrust and. the removal of inter- 
mittent auxiliary power from the engine with mfldtrmm efficiency. It 
should also be noted in passing that most of the new engines now in 
design or production are being provided with afterburner s , and this in 
itself requires that the engine be provided with at least a two- 
position variable-area exhaust nozzle. The addition of a control which 
would permit continuous nozzle-area variation in this range, therefore, 
is all that is required to achieve the aforementioned advantages 
in engine performance.. 

Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio 
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APPENDIX A 
SYMBOLS 

A area, sq ft 

ejdiaust-nozzle discharge coefficient 
P thrust, lb 

f fuel- air ratio 

g acceleration of gravity, 32.17 ft/sec^ 

H enthalpy based on total temperature, Btu/lb 
hf lower heating value of fuel, Btu/lb 

K burner total-pressure loss factor, turbine- inlet total pressure 
divided by ccfflgaressor-discharge total pressure 

M Mach number 

m mass flow, slugs/sec 

N engine speed, rpm' 

P total pressure, lb/sq ft 

p static pressure, lb/ sq ft 

R gas constant, 53.35 ft-lb/(lb)(°F) 

T total temperature , °R 

V velocity, ft/ sec 

W a air flow, lb/ sec 

Wf fuel flow, Ib/hr 

W g gas flow, lb/ sec 

X ratio of specific heats, Cp/cy 

& ratio of compressor- inlet total pressure to MCA standard sea-level 
pressure, P jJ 2116 
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tj adiabatic efficiency 

0 ratio of compressor- inlet total temperature to HACA standard, sea- 
level temperature, T^/518.4 

X factor accounting for the difference in enthalpy of the carbon 

dioxide and water in the combustion products and the oxygen used 
in their formation, Btu/lb 

Subscripts: 

a air - . 

b burner 

c compressor 

cr critical 

e effective 

f fuel 

g gas 

3 Jet 

n net 

i 

t turbine 

Station notation: 

0 free- stream, (ambient) 

1 compressor inlet 

2 compressor discharge 

3 turbine inlet 

4 . turbine discharge (tail pipe) 

5 exhaust-nozzle throat 
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APPENDIX B 

METHOD OF CALCULATION 


The compressor maps of figures 1 and. 2 were obtained by simulated- 
altitude operation of the two engines and were used as a basis for all 
calculations. A series of points representing different exhaust-nozzle 
areas was arbitrarily chosen at each of several engine speeds on each 
of the maps. Typical points are shown on. the 100-percent- engine- speed 
line of figure l(a) . The engirie speed and the. air flow values on the 
compressor map are corrected to NACA standard sea-level pressure and 
temperature so that the map will generalize. 

The . performance calculations were made in the following manner. 

For each arbitrarily selected point on the compressor map, the values 
of air flow, pressure ratio, ' and compressor efficiency were read. The 
air flow waB reduced to the proper value for the altitude and, flight 
speed being considered by application of the 8 and 6 corrections. 
With the inlet temperature to the compressor and the compressor pressure 
ratio and efficiency known, the compressor-discharge temperature Tg 
was calculated from the following equation: 


(Bl) 



where y was assumed to be 1.40. 

The enthalpy rise across the compressor can now be found from, ref- 
erence 1 by subtracting the tabulated values of enthalpy H at 
compressor-inlet and -discharge temperatures. 

The total-pressure loss in the combustion chamber was obtained 
from the altitude-performance data and can now be used to determine the 
turbine- inlet pressure from the relation 

P 3 = KP 2 (B2) 

The turbine-inlet nozzle area is Known for each engine from the 
manufacturer's information. In the range of engine speeds being con- 
sidered in this investigation, it can be assumed that the turbine noz- 
zles are always choKed. This fact, together with the known air flow 
and turbine- inlet pressure, allows the turbine-inlet temperature T 3 
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to be calculated. If the fuel-air ratio f is assumed as a first 
approximation, the gas flow through the turbine will be known. The 
continuity equation for choked flow is 



where the value of y is taken for the approximate temperature and the 
assumed fuel-air ratio in the burner. 

Solving this equation for Tg yields 


r+i 



It can be seen that the' temperature is a function only of y and 
the known values of pressure, area, and gas flow. If the resultant 
temperature is then used to find the required fuel-air ratio, this 
value can be used in equation (B4) as a second approximation to obtain 
a more accurate temperature. The required fuel-air ratio can be cal- 
culated from data obtained previously if the combustion efficiency of . 
the engine combustor is known, and the combustion efficiency was also' 
determined during the altitude-performance operation of the two engines. 
The required fuel-air ratio is 


Hg “ H 2 . . 

f - b (E5) 

where X is determined from reference 2 at the calculated value of Tg 
and enthalpy values are read from reference 1. This iteration for the 
calculation of Tg converged very rapidly and usually resulted in a 

compatible value of the temperature after two computations. 

The enthalpy drop of the gas across the turbine must be equal to 
the enthalpy rise of the air across the compressor, which has already 
been determined. It is thus possible to find the enthalpy of the 
tail-pipe gases. It must be remembered that the gas flow through the 
turbine is greater than the air flow through the compressor by the 
added fuel. Therefore, on a per-pound basis, 

(1 + f)(H 3 -H 4 ) = H 2 - H-l 


(B6) 
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The value of turbine efficiency was also determined from the simu- 
lated altitude data and was used along with the calculated values Of 
turbine-discharge temperature and turbine- in let temperature and pres- 
sure to find the turbine-discharge pressure. 


’It = • 


1.24 

*3 


1=1 


1 - 



(B7) 


where. T^ was determined from reference 1 at the calculated value of 
the tail-pipe enthalpy E^. 


With the pressure, temperature, and mass flow in the tail pipe 
determined, it is possible to calculate the thrust and exhaust-nozzle 
area. Dimensionless velocity and. pressure parameters for one- ■ 
dimensional flow can be developed as a function of static- to-total 
pressure ratio in the gas stream. The parameters used in these cal- 
culations sore: 


Velocity parameter: 



(B8) 


(B9) 


Such parameters are tabulated in reference 3 for various values of r . 


The value of y to be used for any given calculation is deter- 
mined for the proper tail-pipe temperature and fuel-air ratio. 

The velocity parameter used V e / A/gRT involves an effective 

velocity, which is defined as that velocity which would be attained 
isentropic ally by a completely expanded nozzle at the given pressure 
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ratio. When this parameter is used to calculate the jet thrust, it is 
unnecessary to add the term Ag(p 5 - Pq) if the proper -value of noz- 
zle velocity coefficient i 6 used. .’ 

The exhaust-nozzle expansion pressure can he calculated from P 4 . 
and the ambient static pressure p^ at the altitude being considered. 

With this pressure ratio and a value of y selected for the tail-pipe 
total temperature and the fuel-air ratio, a value of the effective 
velocity parameter is found from reference 3 and the jet thrust is 
calculated from the following equation: 


-Hi),'- 8 * 


(BIO) 


From the previously determined value of r in the tail pipe, it 
is possible to determine the critical pressure ratio .of the flow and 
so to determine whether or not the nozzle expansion is choked. The 
required effective area of the -exhaust nozzle to pass the known mass 
flow at the 'known pressure and temperature can then be calculated from 
the proper flow' equation. The nozzle velocity coefficient was assumed 
to be unity. For sub critical flow, the effective nozzle Area is 


Po \mVgjSy 5 / \/ 8 


(Bll) 


For choked (critical) flow, the effective nozzle area is 


V^crV^Vi^/cW g 


(B12) 


where (p/p) cr and (pA/mA/gRT ) cr are functions of y only. 


The net thrust can now "be calculated from the jet thrust by sub- 
tracting the momentum Qf the inlet air at the .sim ul ated flight speed 
and altitude; the specific fuel consumption is calculated from the 
fuel-air ratio, air flow, and net thrust as follows: 


F = F. 
n * j 


w a v 0 


(B13) 
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■where 


♦ 



(B14) 
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APPENDIX C 

METHOD OF SELECTING IMPROVED PERFORMANCE PARAMETERS 


As was pointed out in the text, it was desired to find the effec- 
tiveness of a variable-area exhaust nozzle on engines having certain 
changes in design aimed at improved performance. In this respect, the 
three most obvious parameters are compressor and turbine efficiency, 
compressor pressure ratio, and nM.Yi.wmin turbine-inlet temperature. In 
order to investigate each of these separately, a series of hypothetical 
engines was set up, having compressor maps identical to the original 
engines except for the one parameter being varied. 

On the basis of data obtained during compressor performance inves- 
tigations, it was decided that the most rational basis for changing any 
of the preceding parameters would be to multiply each value of the 
parameter by a constant after reading it from, the original compressor 
maps. 'This appears to be more realistic than adding a constant to each 
value. Thus it was necessary to determine the magnitude of the constant 
to be used, and this was done so as to make the nw.x1.Tnum values of each 
parameter fall within a range which might reasonably be expected from 
future engines. The compressor and turbine efficiencies, which reach a 
maximum value in the region of 80 percent on current engines, were mul- 
tiplied by 1.05 and 1.10, which would raise the peak value ‘to the vicin- 
ity of 90 percent. The compressor pres sure ratios, which reach 
about 5.0, were multiplied by 1.5 and 2.0, which is expected of engines 
now in design; the allowable turbine-inlet temperature, which is now 
limited to about 2000° R, was multiplied by 1.1 and 1.2, as material 
limits will probably be difficult to raise above 2400° R. 
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(a) Altitude, 30,000 feet. 

Figure 1. - Compressor performance maps Tor arlal-flo* engine A. 
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Figure S. - Compressor performance map for aentrifugal-flox engine B. Altitude, 30,G0Q feet. 
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(b) Centrifugal -flov engine B. Altitude, 30 ,000 feet; ram- 
pressure ratio, 1.30 (Mach number, 0.62). 


Figure 3. - Effect of variable-area exhaust nozzle on performance of standard 

engines . 
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(b) fcentrifugal-flov engine B. Compressor and turbine 
efficiencies, 1.05 times normal".' 


Figure 4. - Effect of variable- area exhaust nozzle on performance of engines 
having improved compressor andturbine efficiency. Altitude, 30,000 feet j 
ram- pressure ratio, 1.30 (Mach number, 0.62). 
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(c) Axial- flow engine A. Compressor and turbine 
efficiencies , 1.10 times normal. 
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Net -thrust ratio 

(d) Centrifugal- flow engine B._ Compressor and turbine 
efficiencies, 1.10 times normal. 

Figure 4. - Concluded. Effect of variable -area exhaust nozzle on 
performance of engines, having improved compressor and turbine 
efficiency. Altitude, 30,000 feet* ram-pressure ratio, 1.30 
(Mach number, 0.62). 
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Net-thrust ratio 


(b) Centrifugal- flov engine B. Compressor pressure 
ratio, 1.5 times normal. 

Figure 5. - Effect of variable- area exhaust no_wle on performance of 
engines having increased^ compressor pressure ratio. Altitude, 
30,000 feet; ratf-preseure ratio, 1.30 (Mach number, 0.62). 
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(a) Axial-flow engine A. Allowable turbine -inlet temperature, 



Net -thrust ratio 


(b) Centrifugal-flow engine ,B. . Allowable turbine-inlet temperature, 

1.1 times normal. 


Figure 6. - Effect of variable-area exhaust nozzle on performance of engines having 
higher allowable turbine-inlet temperatures. Altitude, 30,000 feet; ram-pressure 
ratio, 1.30 (Mach number, 0.62). 
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(a) Axial- flov engine A. 



Net- thrust ratio 


(b) Centrifugal-flow engine B. 


Figure 7. - Effect, of variable-area exhaust nozzle on performance of 
engines having improved compressor and turbine efficiency, increased 
compressor pressure ^atio, and higher allowable turbine -inlet tempera- 
ture. Altitude, 30,000 feetj ram-pressure ratio, 1.30 (Mach number, 0.62). 
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